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Analyses using simplified coupled-channels models have been unable to describe the shape of the previously
measured fusion barrier distribution for the doubly magic 16O1208Pb system. This problem was investigated
by remeasuring the fission excitation function for 16O1208Pb with improved accuracy and performing more
exact coupled-channels calculations, avoiding the constant-coupling and first-order coupling approximations
often used in simplified analyses. Couplings to the single- and 2-phonon states of 208Pb, correctly taking into
account the excitation energy and the phonon character of these states, particle transfers, and the effects of
varying the diffuseness of the nuclear potential, were all explored. However, in contrast to other recent
analyses of precise fusion data, no satisfactory simultaneous description of the shape of the experimental
barrier distribution and the fusion cross sections for 16O1208Pb was obtained. @S0556-2813~99!05409-6#
PACS number~s!: 25.70.Jj, 24.10.Eq, 21.60.Ev, 27.80.1wI. INTRODUCTION
Precise fusion cross sections have been measured for
many reactions, involving nuclei which exhibit different col-
lective degrees of freedom. Their excitations, through cou-
pling to the relative motion of the colliding nuclei, cause a
splitting in energy of the single fusion barrier resulting in a
distribution of barriers, which drastically alters the fusion
probability from its value calculated assuming quantal tun-
neling through a single barrier. It was shown by Rowley
et al. @1# that, under certain approximations, the distribution
in energy of a discrete spectrum of barriers could be obtained
from precise fusion cross-sections s by taking the second
derivative with respect to the center-of-mass energy Ec.m. of
the quantity (Ec.m.s). When the effects of quantal tunneling
are considered, d2(Ec.m.s)/dEc.m.2 becomes continuous, and
each barrier is smoothed in energy with a full width at half
maximum ~FWHM! of 0.56\v , where \v is the barrier cur-
vature. The difference between a more realistic calculation of
d2(Ec.m.s)/dEc.m.2 ~where the angular momentum depen-
dence of the curvature and barrier radius is taken into ac-
count! and the smoothed barrier distribution is small @2#, and
so it is convenient to refer to d2(Ec.m.s)/dEc.m.2 as the fusion
barrier distribution.
The fusion barrier distribution can be a very sensitive
‘‘gauge’’ of the dominant collective modes excited during
the collision @2#. Its shape is related to the nuclear structure
of the reactants. Barrier distributions have been measured for
nuclei with static deformations @2–9#, for nuclei where vi-
brational degrees of freedom dominate @2,10#, in systems
where the effects of transfer channels @2,10,11# and mul-
tiphonon excitations @12,13# are important, and where the
influence of the projectile excitation is prominent @7,8,13#.
The precise fusion data have stimulated advances in the
quantitative application of the coupled-channels ~CC! de-0556-2813/99/60~4!/044608~11!/$15.00 60 0446scription of fusion, and many experimental barrier distribu-
tions have been well reproduced with various degrees of re-
finement of this model. The CC description is expected to be
simpler for systems involving the fusion of closed-shell nu-
clei due to the presence of relatively few low-lying collective
states. An example is the 16O1144Sm system, where a good
description @10# of the experimental barrier distribution was
obtained with a simplified CC model @14,15#. This descrip-
tion was somewhat fortuitous in view of the approximations
used in this model. An improvement in the description of the
barrier distribution was achieved with more exact CC calcu-
lations @16–18# which correctly treated the excitation ener-
gies and the phonon character of the coupled states.
Given the current level of knowledge of the theoretical
description of heavy-ion fusion, and the success of calcula-
tions in reproducing the shape of the measured barrier distri-
bution for 16O on 144Sm, it might be expected that present
models should be able to describe the fusion of 16O with the
doubly magic nucleus 208Pb. The 16O1208Pb system is also
one of the few cases where there is existing knowledge of
important particle transfer channels. The fusion barrier dis-
tribution for the 16O1208Pb reaction has been measured pre-
viously @19#, however it was not possible to obtain an ad-
equate theoretical description of its shape. This could have
been due to shortcomings in the experiment or the simplified
CC analysis used in calculating the theoretical barrier distri-
bution. Improvements in the available techniques of precise
fission cross-section measurements, including the use of
fragment-fragment coincidences, were reason to remeasure
the fusion excitation function for the 16O1208Pb reaction.
The purpose of the current work was to find the cause of
the previous disagreement between theory and data by com-
paring the newly measured barrier distribution with more
exact CC calculations, and to identify the dominant cou-©1999 The American Physical Society08-1
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analysis of the new fusion data has proved to be more diffi-
cult than expected, and a complete description of the data has
not yet been obtained.
II. EXPERIMENTAL RESULTS
The remeasurement of the fission excitation function for
16O1208Pb was performed at the Australian National Uni-
versity using 16O beams from the 14UD Pelletron accelera-
tor. The beams were pulsed with bursts of 1 ns FWHM,
separated by 106.6 ns. Beam energies used were in the range
75–118 MeV, in increments of 0.6 MeV up to 88 MeV. The
absolute beam energy was defined to better than 0.05 MeV
and the relative beam energy to better than a few keV @2#.
The target was 40–45 mg cm22 of 208PbO deposited on a
backing of ’10 mg cm22 of C. The isotopic purity of the
208Pb was 99.060.1%. Fission fragments were detected in
two of the large-area multiwire proportional counters
~MWPCs! of the CUBE detector system. One was positioned
in the backward hemisphere covering the scattering angles
2171°<u lab<294°, and the other in the forward hemi-
sphere with 4°<u lab<81°. The fission fragments were iden-
tified in an individual detector by their energy loss signal,
and the time-of-flight measured relative to the pulsed beam.
In the measurement described in Ref. @19#, only a single
MWPC located in the backward hemisphere was used. How-
ever, in the present measurement, the front MWPC was op-
erated in coincidence with the back fission detector, and the
fission fragments were identified with the time-of-flight in
one detector versus the time-of-flight in the other. This al-
lowed a good separation between the fission events from the
16O1208Pb reaction and other reactions with the target,
which were a problem for the low cross sections in the ear-
lier measurement. The fission cross section was measured
down to energies where the evaporation residue cross sec-
tions were previously determined @19#. Two silicon surface-
barrier detectors, located at 622.5° to the beam axis, were
used to monitor the Rutherford scattering for normalization
of the fission fragment yield. The fission fragment yields in
the MWPCs were converted into fission cross sections as
described in Refs. @19,13#.
The new fission excitation function is shown in Fig. 1~a!,
together with the results from the previous measurement
@19#, as indicated by the open circles in Fig. 1~a!. The fusion
cross sections s for 16O1208Pb were obtained by summing
sfis and the evaporation residue cross sections published in
Ref. @19#, interpolating where necessary. The present data
~solid circles! and previously published fusion cross sections
~open circles! are shown in Fig. 1~b!. The fusion cross sec-
tions from the new measurement are presented in Table I.
The fusion barrier distribution was obtained by evaluating
the point difference formula of Ref. @2# using an energy step
of DEc.m.51.67 MeV. The resulting barrier distribution is
shown in Fig. 2 by the solid circles. For comparison, the
barrier distribution ~open points! in Ref. @19# is reproduced,
where each symbol represents one of the three separate
passes through the fusion excitation function. In Ref. @19#,
the barrier distribution was calculated with DEc.m.0446051.86 MeV. The difference in the two step lengths does not
have any significant effect on the calculated barrier distribu-
tions since they are already smoothed by ’2 MeV due to
quantum tunneling effects @1#.
The new data are generally in good agreement with the
previous measurement, but give a better defined barrier dis-
tribution. This is mainly due to the improved statistics, the
clean identification of fission events made possible by oper-
ating two detectors in coincidence, and better definition and
consistency of the angle between the beam axis and the fis-
sion detectors. The slight disagreement between the two bar-
rier distributions can be largely attributed to three errant
points in the original excitation function at Ec.m.573.8, 74.3,
and 75.2 MeV, which differ from the current data by up to
5%. Since d2(Ec.m.i s)/dEc.m.i2 at an energy Ec.m.i is evaluated
with a three-point difference formula, each wayward cross
FIG. 1. The ~a! fission and evaporation residues ~ER! and ~b!
fusion excitation functions for 16O1208Pb from this remeasurement
~solid circles! and the previous data of Ref. @19# ~open circles!. The
ER cross sections ~open squares! are also from Ref. @19#.8-2
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i
, and
its two neighboring points at (Ec.m.i 61.67) MeV. For ex-
ample, the old cross section at Ec.m.575.2 MeV was high
with respect to the new measurement. This means that
d2(Ec.m.s)/dEc.m.2 at Ec.m.575.2 MeV is lower than the new
barrier distribution, and d2(Ec.m.s)/dEc.m.2 at both Ec.m.
573.3 MeV and 77.1 MeV are high ~see the encircled
points in Fig. 2!. Nevertheless, the general features, such as
the height of the main peak, and shape of the two barrier
distributions, are in good agreement.
III. COUPLED-CHANNELS ANALYSIS OF THE
MEASURED FUSION BARRIER DISTRIBUTION
Several ingredients are required for a coupled-channels
description of the fusion barrier distribution. Inputs to the
model calculations include the nucleus-nucleus potential pa-
rameters, the coupling strengths of the vibrational states and
their excitation energies. In addition, there are choices to be
made regarding various assumptions and approximations
used in the solution of the coupled equations.
TABLE I. The fusion cross sections for the 16O1208Pb reaction
at the center-of-mass energy Ec.m. .
Ec.m. ~MeV! s ~mb! ds ~mb!
69.97 0.24 0.01
70.53 0.70 0.004
71.09 1.83 0.01
71.64 4.28 0.02
72.20 8.27 0.04
72.76 14.5 0.07
73.31 23.4 0.1
73.87 35.4 0.2
74.43 50.0 0.3
74.99 67.0 0.3
75.54 87.0 0.4
76.10 107 0.5
76.66 129 0.7
77.21 152 0.8
77.77 175 0.9
78.33 197 1
78.88 223 1
79.44 245 1
80.00 270 1
80.56 295 2
81.11 318 2
81.67 343 2
82.78 385 2
85.01 487 3
87.24 568 3
89.73 662 3
91.70 715 4
96.15 847 4
100.72 949 5
105.06 1065 6
109.52 1133 604460A. The coupled-channels calculations
1. Nuclear potential parameters
The nuclear potential parameters were determined with
consideration of two constraints: ~i! fitting the high-energy
fusion cross sections and ~ii! choosing a sufficiently deep
nuclear potential, which is consistent with the ingoing-wave
boundary condition used in the CC calculations. The mea-
sured fusion cross sections at energies above the average
barrier were fitted using a single-barrier penetration model,
with an energy-independent nuclear potential, Woods-Saxon
in form, with
V~r !52V0 /~11exp@~r2r0AP
1/32r0AT
1/3!/a# !, ~1!
where V0 is the depth, r0 is the radius parameter, and a is the
diffuseness of the nuclear potential. With V0 chosen to be 50
MeV, r0 and a were varied to obtain the best fit to s . This
resulted in the parameters V0550 MeV, r051.159 fm, and
a51.005 fm, giving an average barrier B0574.5 MeV at a
barrier radius of RB511.3 fm with curvature for the average
barrier of \v053.07 MeV. The excitation function and fu-
sion barrier distribution associated with these single-barrier
~SB! parameters are shown by the dot-dot-dashed lines in
Figs. 3~a! and 3~b!, respectively.
The above values for V0 and r0 could not be used in the
CC codes because the potential depth was too shallow caus-
ing high-l partial waves that should have been absorbed
~contributing to the fusion cross section! to be reflected at the
barrier. To ensure that all the ingoing flux was absorbed
inside the fusion barrier, a new set of potential parameters
was obtained with the diffuseness parameter fixed at a
51.005 fm, and V0 was increased to 200 MeV, compen-
sated by a reduction in r0 to 0.978 fm to obtain the same
fusion barrier B0574.5 MeV, which occurs at RB
FIG. 2. The fusion barrier distribution from this measurement
~solid circles! compared to the previous measurement @19# ~open
symbols!. The uncertainties associated with the barrier distribution
were obtained from the uncertainties in the fusion cross sections, as
described in Ref. @2#. See the text for an explanation of the en-
circled data points.8-3
C. R. MORTON et al. PHYSICAL REVIEW C 60 044608511.5 fm with a curvature \v053.87 MeV. By making
this adjustment in V0, the quality of the fit to the high-energy
fusion cross sections was reduced. However, this is not of
concern for the following reasons.
The main aim of this analysis is the reproduction of the
shape of the measured barrier distribution, a quantity which
is insensitive to small changes in the potential parameters. In
comparison, the high-energy fusion cross sections are very
sensitive to the height of the average barrier, and can always
be fitted by adjusting the potential parameters. However,
since there exists some sensitivity of the calculated high-
energy fusion cross sections to the couplings @2#, this would
mean the nuclear potential parameters would need to be ad-
justed for each different coupling scheme if the fit to the high
energy data is to be retained. Rather than refitting the high
energy data after each new coupling scheme, the CC calcu-
FIG. 3. The ~a! fusion excitation functions and ~b! barrier dis-
tributions for a single-barrier calculation ~dot-dot-dashed line!, and
calculations using a single-phonon coupling scheme with two dif-
ferent sets of potential parameters @see Eq. ~1!#: V05200 MeV,
r050.978 fm, a51.005 fm ~solid line! and V05277.5 MeV, r0
51.10 fm, a50.65 fm ~dashed line!. These calculations were per-
formed with the CC code CCFULL.04460lations were performed without any further adjustment to the
bare nuclear potential. This meant that the calculated fusion
cross sections overestimated the data in the high energy re-
gion, see, for example, the CC calculations in Fig. 3~a!. The
data in the high energy region could be refitted with a
slightly higher average fusion barrier, corresponding to a dif-
ferent set of potential parameters, but this would cause only
a shift up in energy of the whole barrier distribution, without
any appreciable change in its shape.
The diffuseness parameter obtained from the above pro-
cedure is significantly larger than that deduced from elastic
scattering measurements @20#, a result common to other fu-
sion analyses @2#. The inconsistency between the diffuseness
parameters obtained from fusion and elastic scattering data
implies that the potential parameters obtained are specific to
the data being fitted. It is also possible that the potential
parameters obtained from a fit to the data in the high energy
region are not applicable at energies in the barrier region, or
below the lowest barrier. In this sense the potential param-
eters obtained are effective ones, and the true interaction po-
tential remains an uncertainty in these calculations.
The effect of using a smaller diffuseness is shown in Figs.
3~a! and 3~b!, where two calculations are compared, one with
a50.65 fm and the other with a51.005 fm, both with the
same average barrier B0574.5 MeV. Couplings to the
single phonon states in 208Pb are included in these CC cal-
culations ~see Sec. III B 1!. For Ec.m.,B0, the cross section
for the calculation with a50.65 fm falls less rapidly than
the a51.005 fm case, since the smaller diffuseness gives a
narrower barrier ~larger \v0) and hence a larger barrier pen-
etrability. In the barrier region, a smaller diffuseness reduces
the height of the main peak in d2(Ec.m.s)/dEc.m.2 , due to the
increase in the width of the tunneling factor @1# which
smooths the barrier distribution ~see Sec. III C!. These cal-
culations demonstrate the effect on the calculated barrier dis-
tribution of the uncertainty in the appropriate choice of the
diffuseness parameter. Further experiments are required to
address this problem.
2. Approximations used in solving the coupled equations
In the coupled-channels calculations that follow, except
for the FRESCO calculations, the no-Coriolis or isocentrifugal
approximation @21–24# was used. This approximation has
been shown @25,26# to be good for heavy-ion fusion reac-
tions. The calculations included couplings to all orders in the
deformation parameter for the nuclear coupling matrix. In
the past, when making quantitative comparisons with the fu-
sion data, the linear coupling approximation was often used.
Here the nuclear coupling potential was expanded with re-
spect to the deformation parameter keeping only the linear
term. It was shown @16,25,27# that the agreement between
the measured and calculated fusion cross sections was im-
proved with the inclusion of second-order terms. Later,
Hagino et al. @16# demonstrated that, for heavy symmetric
systems at least, the effect of the inclusion of terms higher
than second-order in the nuclear coupling potential was as
significant as including the second-order term itself. Even
though this effect was largest for heavy near-symmetric sys-8-4
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ing lighter nuclei, such as, 16O1144Sm.
The linear coupling approximation was retained for the
Coulomb coupling potential since the inclusion of terms of
higher order has been shown to have only a very minor effect
on the barrier distribution @16#. The excitation energies of the
vibrational states were treated exactly in these calculations.
Consequently, there were no approximations associated with
the eigenchannel approach used in simplified CC analyses,
such as those present in the code CCFUS @14#.
B. Channel couplings
1. Coupling to single-phonon states in 208Pb
Both 144Sm and 208Pb are spherical, vibrational nuclei
with similar low-lying collective states, so it might be ex-
pected that the coupling scheme which was successful in the
description of the barrier distribution for 16O1144Sm would
also provide a good description of the 16O1208Pb reaction.
The measured barrier distribution for the 16O1144Sm reac-
tion was well described by coupling to the single-phonon
states in 144Sm @10#, where the dominant channel is the
single-octupole phonon state. The analogous calculation for
16O1208Pb is shown by the solid lines in Figs. 4~a! and 4~b!.
The calculation was performed with the CC code CCFULL
@16,28#, where fusion is simulated using the ingoing-wave
boundary condition. Coupling to the 31
2 and 512 single-
phonon states in 208Pb was included, with the relevant pa-
rameters summarized in Table II. This calculation fails to
reproduce the shape of the measured barrier distribution @see
Fig. 4~b!#. Although the calculation produces a two-peaked
structure, mainly due to the coupling to the 31
2 state in 208Pb,
there is still too much strength in the main peak of the the-
oretical barrier distribution, which implies that more cou-
pling is required.
Additional coupling to other single-phonon states in 208Pb
produced no improvement in the agreement with the mea-
sured barrier distribution, due to the relative weakness of
these couplings. In relation to the disagreement between
theory and data in Fig. 4~b!, an initial impression is that the
area of the calculated barrier distribution is larger than that of
the measurement. This difference could be caused by a lower
fusion yield resulting from a loss of flux due to incomplete
fusion. Such an effect was recently observed @29# in the fu-
sion of 9Be on 208Pb. However, evaluation of the area under
d2(Ec.m.s)/dEc.m.2 , a quantity which should be approxi-
mately proportional to the geometric area pRB
2
, indicates
that this is not the case. The area under the theoretical barrier
distribution represented by the solid line in Fig. 4~b! is 4227
mb, implying a value of RB511.6 fm for the average barrier
radius, obtained by simply equating the area with pRB
2
. This
compares with the area under the experimental barrier distri-
bution of 3981 mb, implying a radius RB511.3 fm. The
difference between the theoretical and experimental areas is
only 6%, 3.6% of which is due to use of the larger potential
depth, V05200 MeV, which has a radius RB511.5 fm in-
stead of the best fit value of RB511.3 fm for V0
550 MeV. Thus, the mismatch between experiment and04460theory to the level of ’2 –3 %, is not due to incomplete
fusion.
To obtain a successful theoretical description of the
16O1208Pb reaction, a coupling scheme that produces a bar-
rier distribution with a shape corresponding to the measured
one is required. Since the areas under the experimental and
theoretical barrier distributions are in good agreement, the
height of the main barrier in the distribution will be used as
an indicator of the ability of theory to reproduce the overall
shape of the experimental barrier distribution.
FIG. 4. ~a! The fusion excitation function calculated using
CCFULL @28# with coupling to the 31
2 and 512 single-phonon states in
208Pb ~solid line!. The dot-dot-dashed line is the same calculation
but with the code FRESCO and with transfer included in addition to
the single-phonon states. ~b! The fusion barrier distribution calcu-
lated using CCFULL with coupling to the 31
2 and 512 single-phonon
states in 208Pb ~solid line!. The FRESCO result, performed with iden-
tical couplings ~no transfer coupling!, is given by the dashed line.
When transfer, in addition to the single-phonon states in 208Pb, is
included this results in the barrier distribution represented by the
dot-dot-dashed line.8-5
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Attempts have been made previously to ‘‘explain’’ quali-
tatively deviations between theory and experiment as being
due to neglect of transfer couplings. Such an approach has
been taken because of the difficulty of treating the transfer
process in a realistic way, and the lack of knowledge of
transfer coupling strengths. However in 16O1208Pb, some of
the important transfer coupling strengths have been mea-
sured. To ascertain the significance of the effects of transfer
couplings on fusion, both the transfer and inelastic channels
~with coupling to all orders! should be considered simulta-
neously in the CC calculation. The effects of particle trans-
fers on the fusion cross sections and spin distributions for
16O1208Pb have been calculated by Thompson et al. @30# at
8 energies between E lab578 and 102 MeV, using the
coupled-channels code FRESCO @31#. Here, those calculations
have been repeated, with a minor modification to the nuclear
potential in the entrance-channel mass partition, with cou-
pling to all orders in the nuclear potential, and with smaller
energy steps in order to obtain the barrier distribution. This
was necessary since it was not possible to treat transfer cor-
rectly using the code CCFULL. The details of this calculation
are discussed below.
Before proceeding with the transfer calculations, the re-
sults of the two coupled-channels codes used in this work
were compared. The comparison was made with a FRESCO
calculation using parameters identical to the single-phonon
calculation described in Sec. III B 1. The FRESCO calculation
was performed with version FRXX, which includes a new
option allowing coupling to all orders in the nuclear coupling
potential, as in the calculation described in Sec. III B 1. The
barrier distribution from FRESCO is shown by the dashed line
in Fig. 4~b!. There is very good agreement between it and the
barrier distribution calculated using CCFULL @solid line in
Fig. 4~b!#. The small difference between the solid and dashed
lines in Fig. 4~b! may be due to the isocentrifugal approxi-
mation which was used in the CCFULL calculation.
Having established agreement between the above two cal-
culations for inelastic couplings, the effects of coupling to
transfer channels were examined with FRESCO. In addition to
the inelastic couplings, the following three transfer couplings
were included, which are those included in the previous
TABLE II. The transition strengths B(El)↑ and deformation
parameters bl for 16O1208Pb. The deformation parameters were
calculated with a nuclear radius parameter of 1.06 fm. The param-
eters for the real nuclear potential are also given. In the CC calcu-
lations, the nuclear deformation parameters were set to be equal to
the Coulomb deformation parameters.
Nucleus lp E! ~MeV! B(El)↑ bl Ref.
208Pb 31
2 2.615 0.611 e b3 0.161 @50#
512 3.198 d50.35 fma 0.056 @51#
16O 31
2 6.129 0.0015 e b3 0.733b @50#
V0 ~MeV! r0 ~fm! a ~fm!
200.0 0.978 1.005
aHere d is the deformation length.
bHere a nuclear radius parameter of 1.2 fm was used.04460analysis @30#. The single-neutron pickup reaction (16O,17O)
with Q523.2 MeV, the single-proton stripping reaction
(16O,15N) with Q528.3 MeV, and the a-stripping reaction
(16O,12C), where Q5220 MeV, were included. The spec-
troscopic factors for the single-nucleon transfers were taken
from Ref. @32#, and in the case of the a-stripping couplings,
were set to reproduce the measured transfer yield. Coupling
to excited states in 17O, 15N, 207Pb, and 209Bi was included
as described in Ref. @30#. The real and imaginary potential
parameters for all three transfer partitions were V0
578.28 MeV, r051.215 fm, a50.65 fm and Vi
510 MeV, r0i51.00 fm, ai50.40 fm, respectively.
The barrier distribution from the FRESCO calculation in-
cluding transfer is shown by the dot-dot-dashed line in Fig.
4~b!. Compared to the case with no transfer, the main peak of
the barrier distribution is shifted down in energy and its
height is reduced, whilst the second peak in the distribution
is smoothed in energy. Of the three transfer couplings con-
sidered in this calculation, the neutron–pickup transfer has
the largest effect on the barrier distribution, since it is the
most strongly populated transfer. Using a set of potential
parameters for the 17O1207Pb mass partition different to
those quoted above, with a real diffuseness of a
51.005 fm, had only a small effect on the shape of the
barrier distribution. The 0.5 MeV shift downwards in energy
of the barrier distribution is not problematic, since there is
freedom to renormalize the bare potential to a value which
will shift the theoretical barrier distribution back to its origi-
nal position. Of importance here is the ability to reproduce
the shape of the barrier distribution, and although the cou-
pling to the transfer channels reduces the height of the main
peak in the barrier distribution, it is not sufficient, implying
that further couplings are required.
Additional transfer channels, which have been neglected
in the present calculation, are unlikely to significantly im-
prove the agreement, since the above three transfer couplings
represent the most strongly populated transfers. The effects
of additional transfers on the fusion cross section were in-
vestigated in Ref. @33#, where it was found that the a- and
triton-pickup transfers had no effect on s . The 2-neutron
pickup, with Q521.9 MeV, did affect the fusion cross sec-
tion, although the increase in s was at most a factor of 1.11
above the calculation without this transfer, at E lab
578 MeV. This compares with an enhancement in s at the
same energy of ’2.5 between the transfer calculation with
neutron-pickup, proton and a-stripping over the calculation
without these transfer couplings.
3. The effects of coupling to the 312 in 16O
The treatment of projectile excitations in CC analyses de-
serves some comment. The measured barrier distributions for
the reaction 16O with various isotopes of samarium @2#
showed no specific features associated with excitation of the
octupole state in 16O. It was shown in Ref. @2# that coupling
to the 31
2 state in 16O at 6.13 MeV using the simplified CC
code CCMOD @15#, which uses the linear coupling approxima-
tion, resulted in a deterioration in the agreement with the
measured barrier distribution. This effect is related to the8-6
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@17,25#. Since the transition strength of the 312 state in 16O is
large, higher-order terms should be included in the expres-
sion for the nuclear coupling potential. When the 31
2 state in
16O was included with coupling to all orders in the nuclear
potential, the theoretical barrier distribution was essentially
restored to its shape before the inclusion of the projectile
coupling @17#. However, the whole barrier distribution was
shifted down in energy by a few MeV. This shift has been
explained @34–36# in terms of the adiabaticity of the projec-
tile excitation. When the excitation energy of a state is large,
then the timescale of the intrinsic motion is short compared
to the tunneling time, allowing the projectile to respond to
the nuclear force in such a way as to always be in the lowest
energy configuration. This means that coupling to states like
the 31
2 state in 16O, only leads to a shift in the average fusion
barrier, and so is equivalent to a renormalization of the ef-
fective potential.
In order to confirm the above result for the 16O1208Pb
reaction, calculations were performed with coupling to the
31
2 state in 16O at 6.13 MeV using the code CCFULL. No
better agreement with the shape of the measured barrier dis-
tribution resulted, causing only a shift in energy of the whole
barrier distribution, without an appreciable change in its
overall shape. An example of this effect is shown in Fig.
7~b!.
In summary, the calculations described above, with a
single-phonon plus transfer coupling scheme, were unable to
describe the measured barrier distribution. In the next sec-
tion, the effects of a larger coupling space are explored. The
following calculations result mostly from the code CCFULL.
Due to the long computational time involved, FRESCO was
used only to estimate the additional effects of coupling to
transfer channels.
4. Coupling to the 2-phonon states in 208Pb
In the doubly magic nucleus 208Pb, the energy of the first
32 state is at 2.614 MeV and is interpreted @37# as a collec-
tive octupole state because of its large B(E3) value. In the
harmonic vibrational model, the 2-phonon state would be
expected @38# at an energy twice that of the single-phonon
excitation. Hence in 208Pb, the 2-phonon state @31
2
^ 31
2# ,
consisting of the 01, 21, 41, and 61 quadruplet of states, is
expected @37# at the unperturbed energy of 5.228 MeV.
There have been a number of searches for members of the
2-phonon quadruplet, including a recent (n ,n8g) measure-
ment @39# which found evidence for the existence of the 01
state at 5.241 MeV. A more recent measurement @40# using
Coulomb excitation, did not identify any new state around
5.2 MeV, but was able to extract the B(E3,312611) value
for the lowest known 61 state at 4.424 MeV, whose strength
suggested a strong fragmentation of the 2-phonon state in
208Pb.
Because of the expected strong collective nature of the
low-lying octupole state in 208Pb, it is likely that 2-phonon
excitations play some role in the fusion of 16O on 208Pb. The
effects of the inclusion of 2-phonon excitations on the fusion
barrier distribution have been investigated theoretically by04460Kruppa et al. @23# as well as Hagino et al. @41#. Recent ex-
perimental evidence has come from a measurement of the
barrier distribution for the 58Ni160Ni reaction @12#, where it
was demonstrated that fusion is sensitive to such complex
multi-phonon excitations.
The barrier distribution shown by the solid line in Fig. 5 is
a CCFULL calculation which includes, in addition to the 31
2
and 512 single-phonon states in 208Pb, coupling to the
double-octupole phonon in the target. This calculation was
performed in the harmonic limit, where the energy of the
@31
2
^ 31
2# state was taken to be 5.23 MeV, with the strength
of coupling between the single- and 2-phonon states given by
A2b3, the coupling expected in the harmonic limit. The
2-phonon result produces a shoulder in the barrier distribu-
tion at Ec.m.’76 MeV whilst reducing the height of the
main barrier, leading to a minor improvement over the
single-phonon coupling scheme. The inclusion of multiple
excitations in the target, for example, the @512 ^ @312 ^ 312##
state, did not result in any significant difference to the barrier
distribution given by solid line in Fig. 5, largely due to the
fact that b5 is very small. The additional inclusion of the 31
2
state in the projectile, and mutual excitations of the projectile
and target, was also found to have little effect on the shape of
the calculated barrier distribution.
The next obvious choice to consider is coupling to the
2-phonon states in 208Pb plus the transfer channels. Such a
CC calculation was performed with FRESCO, and the results
are shown by the dashed line in Fig. 5. This causes a small
shift in the barrier distribution to lower energies and an en-
hancement in the height of the shoulder at Ec.m.’76 MeV
over the single-phonon plus transfer calculation. Although
the effect of these couplings are helpful, the resultant barrier
distribution is still well short of a complete description of the
data. One effect still not accounted for is the multistep trans-
fer coupling. With the present CC codes, it was not possible
to include transfer from the excited states in 208Pb, and the
effect of neglecting these channels on the barrier distribution
FIG. 5. The barrier distribution for the single-phonon coupling
scheme in 208Pb ~dotted line!, with 2-phonon coupling ~solid line!,
with single-phonon and transfer couplings ~dot-dot-dashed line!,
and 2-phonon and transfer couplings ~dashed line!.8-7
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harmonicity of the 2-phonon states was responsible for the
remaining disagreement. Below, the size of these effects are
estimated.
5. The anharmonicity of the 2-phonon quadruplet in 208 Pb
When 2-phonon states were included in the coupling
scheme for 16O1144Sm, using the harmonic vibrational
model, the good agreement between the measured and cal-
culated barrier distribution was lost @42#. At first, this result
was puzzling in that there is both theoretical and experimen-
tal evidence for the presence of double-octupole phonon
states in 144Sm @43#. However, deviations from the pure har-
monic vibration model are expected to occur and the as-
sumption of vibrational harmonicity for the coupling in
144Sm is not correct. Subsequently it was demonstrated @18#
within the framework of the interacting boson model, that
when the anharmonicities of the double-phonon states were
accounted for, the theoretical barrier distribution was re-
stored to a shape matching the experiment. In fact, anhar-
monic coupling to the additional 2-phonon states marginally
improved the agreement relative to the single-phonon de-
scription of the data.
It has been known for a long time that the 31
2 state in
208Pb has a large quadrupole moment, which is indicative of
the anharmonic effects in octupole vibrations @37#. The an-
harmonic effects give rise to a splitting in energy of the 01,
21, 41, and 61 members of the 2-phonon quadruplet in
208Pb. In the Coulomb excitation search for 2-phonon states
in 208Pb by Vetter et al. @40#, the authors found that the
lowest lying 61 state populated had a transition strength only
’20% of the harmonic B(E3) value, indicating a possible
fragmentation of the octupole vibrational strength of the
2-phonon state. Such a result has been supported by recent
theoretical work @44#, where calculations showed a strong
fragmentation of the 61 member of the quadruplet.
The effect of the anharmonicities of the 2-phonon states
in 208Pb on the barrier distribution was estimated with a
CCFULL calculation which included a reorientation term ~see
Eqs. ~4! and ~5! in Ref. @45#!, with the spectroscopic quad-
rupole moment for the 31
2 state of Q312520.34 e b @46#.
The results are shown in Fig. 6~a! for the case where the
strength for the 2-phonon transition was A2b3 ~solid line!
and when this strength was reduced by a factor of 0.85 @dot-
dot-dashed line in Fig. 6~a!#. The reduction factor applied to
the pure harmonic octupole coupling strength was obtained
from the results of Ref. @40#. The barrier distribution from
the anharmonic calculation is a slight improvement over the
harmonic result @dashed line in Fig. 6~a!# in region of 76
MeV. Any further increase in the degree of anharmonicity of
the 2-phonon states ~by reducing the energy of the 2-phonon
state, for example! leads to a barrier distribution closer in
shape to the single-phonon result. This effect is shown in
Fig. 6~b!, where an anharmonic calculation ~solid line!, with
the energy of the 2-phonon at 4.424 MeV and the corre-
sponding reduction in the coupling strength of 0.28 times
that of the harmonic strength, is compared with the harmonic
calculation ~dashed line! and the single-phonon calculation04460~dot-dot-dashed line!. The reduction factor of 0.28 was ob-
tained in Ref. @40# from experimental observed intensity lim-
its, which were then used to set limits relative to the ex-
pected harmonic E3 strength as a function of the energy of
various 61 states in 208Pb.
C. The effects of a smaller diffuseness parameter
As discussed earlier, the effects on the 16O1208Pb barrier
distribution of using a smaller diffuseness for the nuclear
potential lead to a reduction in the height of the main barrier
~an increase in its FWHM!. Such an effect can be explained
with reference to Eq. ~8! in Ref. @1#, since d2(Ec.m.s)/dEc.m.2
FIG. 6. ~a! The effect on the barrier distribution when the an-
harmonicity of the 2-phonon states in 208Pb are taken into account.
The dashed line is the harmonic result where the energy of the
2-phonon state was taken as 5.23 MeV and the strength was A2b3.
The barrier distribution represented by the solid line includes the
reorientation effect with a strength unchanged from the harmonic
calculation. The dot-dot-dashed line is the same calculation as the
solid line, but the strength has been reduced by a factor of 0.85.
Coupling to the transfer channels has not been included in these
calculations. ~b! The solid line is another anharmonic calculation,
but assuming a lower energy for the 2-phonon states and with a
significant reduction in the 2-phonon coupling strength ~see text!.
This last result is compared with the same harmonic calculation
shown in ~a! @dashed line# and the single-phonon calculation ~dot-
dot-dashed line!.8-8
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2 /\v0 ~the FWHM of the main barrier
is proportional to \v0). In the 16O1208Pb reaction, a de-
crease in the diffuseness from a51.005 fm to a50.65 fm
~resulting in an increase of \v0 from 3.85 MeV to 4.93
MeV! led to a reduction in the height of the main peak in the
barrier distribution, as shown in Fig. 3~b!. Even with this
reduction to a50.65, close to the value of a obtained from
fits to elastic scattering data @47#, the height of the main peak
in the experimental barrier distribution could not be success-
fully reproduced.
To obtain a reasonable reproduction of the measured bar-
rier distribution, the diffuseness parameter had to be reduced
to a value of a’0.40 fm. However, this was done at the
expense of the fit to the high-energy fusion cross sections
~see the discussion below!. A CCFULL calculation with the
potential parameters V05283.6 MeV, r051.172 fm, and
a50.40 fm, chosen to give an average barrier of B0
577.6 MeV, is shown in Fig. 7~b! by the dotted line. Here
coupling to the 2-phonon states was included with the anhar-
monic values of 4.424 MeV for the energy of the 2-phonon
states, and a reduction factor of 0.28 for the 2-phonon cou-
pling strength, as discussed earlier. No transfer couplings
were included in these calculations. After inclusion of the
adiabatic 31
2 state in 16O, the barrier distribution shown by
the solid line in Fig. 7~b! was obtained. The inclusion of the
31
2 state in 16O shifts the barrier distribution down in energy
to provide a reasonable representation of the data. The third
barrier distribution shown in Fig. 7~b! ~dashed line! is a CC
calculation with the a50.40 fm potential parameters, which
give an average barrier of B0577.6 MeV, but without cou-
pling to the 2-phonon excitations in 208Pb. The difference
between the 2-phonon ~solid line! and single-phonon ~dashed
line! calculations for a50.40 fm is not as significant as the
difference between the equivalent calculations with a
51.005 fm, due to the additional smoothing of the barrier
distributions that results from the smaller diffuseness ~larger
\v0).
Such a small value for the nuclear diffuseness is problem-
atic in that the experimental fusion cross sections could not
be reproduced either at energies above or below the average
barrier. A diffuseness of a50.40 fm, causes s to fall less
rapidly than the data in the low energy region, as shown by
the solid line in Fig. 7~a!. And, in the high energy region, the
calculation with a50.40 fm significantly overestimates the
data, see the inset of Fig. 7~a!. With any of the above cou-
pling schemes, no single set of potential parameters was
found that could simultaneously reproduce the shape of the
experimental barrier distribution and the fusion cross sec-
tions in the low and high energy region.
The results from the detailed CC analysis presented in this
work are puzzling in view of the success obtained from other
recent analyses of fusion barrier distributions @2,48#. In these
results, the shapes of the theoretical barrier distributions
matched well with the experimental ones after including the
significant couplings expected to affect fusion. In contrast to
this success, even after consideration of transfer and
2-phonon couplings in the 16O1208Pb reaction, the theory04460was unable to reproduce the shape of the measured barrier
distribution.
IV. SUMMARY AND CONCLUSION
In this work, fission cross sections for the 16O1208Pb
reaction were remeasured with improved accuracy. The new
data were found to be generally in good agreement with the
FIG. 7. ~a! The fusion excitation function for a calculation with
a50.40 fm and coupling to (312,512) single-phonon states in 208Pb,
anharmonic coupling to the 2-phonon states in 208Pb ~the strength
of the 2-phonon coupling has been reduced by a factor of 0.28 times
the harmonic value, and the energy of the 2-phonon quadruplet is
4.424 MeV!, and the 31
2 state in 16O. The dot-dot-dashed line is the
single-barrier calculation with a51.005 fm. The inset compares
these calculations with the data on a linear scale. ~b! The solid line
is the barrier distribution obtained from the fusion calculation rep-
resented by the solid line in ~a!. The dotted line is the equivalent
calculation but without the coupling to the 31
2 state in 16O. The
barrier distribution represented by the dashed line is equivalent to
the calculation represented by the solid line but now only with
coupling to the single-phonon states in the projectile and target.
Coupling to the transfer channels has not been included in these
calculations.8-9
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fission excitation function were identified. The barrier distri-
bution resulting from the new data was found to be a
smoothly falling function for energies above the average bar-
rier.
In order to describe the shape of the measured barrier
distribution, detailed CC calculations were performed, avoid-
ing where possible less accurate approximations often used
in simplified CC analyses, and exploiting existing knowledge
of the particle transfers in the 16O1208Pb system. It was
found that coupling to the single-neutron pickup, single-
proton, and a-stripping transfers had a significant affect on
the barrier distribution, although coupling to these transfers
in addition to the 31
2 and 512 single-phonon states in 208Pb,
was not sufficient to explain the data. Transfer from excited
states in 208Pb were not included in the present calculations,
and their effect on the shape of the barrier distribution is not
known.
The effects of additional coupling to 2-phonon states in
208Pb was explored, both in the harmonic limit and for cases
that considered the anharmonicity of the 2-phonon states.
Inclusion of the 2-phonon states in 208Pb resulted in some
improvement but still fell short of a complete description of
the experimental barrier distribution.
A better reproduction of the experimental barrier distribu-
tion was obtained with a very large reduction in the nuclear
diffuseness parameter, from a value of a51.005 to a
50.40 fm. This approach to fitting the data was found to be
unsatisfactory, since it destroyed the fits to the fusion cross
sections in the high and low energy regions. Also, a value of
0.40 fm for the nuclear diffuseness is significantly smaller
than results obtained from analyses of elastic scattering data
for the 16O 1208Pb system @30,49#.
The results from fits to the high-energy fusion cross sec-044608tions for the 16O1208Pb reaction, and other systems recently
measured @2#, also required a nuclear diffuseness larger than
the value obtained from elastic scattering analyses. This re-
sult indicates that the procedure for determining the potential
parameters used in this and the work of Ref. @2# may not be
appropriate in the analysis of fusion. In elastic scattering, the
more peripheral nature of the interaction means the system
probes mainly the exponential tail of the nuclear potential. In
contrast, fusion probes the potential at distances much closer
to the fusion barrier radius. In this region, the Woods-Saxon
parametrization may not be an adequate representation of the
true nuclear potential. Further work is required to determine
the diffuseness of the nuclear potential appropriate to the
analysis of precise fusion data.
Using the best available model for the description of
heavy-ion fusion, it has been shown that the measured bar-
rier distribution for 16O1208Pb could not be reproduced with
couplings to the lowest lying single- and 2-phonon states in
208Pb and the major particle transfers. In view of the preci-
sion of the data, and the quality of the coupled-channels
model used in its description, the disagreement between ex-
periment and theory is very significant. Further work on the
appropriate choice of the nuclear diffuseness, and a global
analysis of all available reaction data, are required in order to
improve the coupled-channels description of fusion for the
16O1208Pb system.
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